ABSTRACT: A new NMR method for the study of ligand−protein interactions exploits the unusual lifetimes of long-lived states (LLSs). The new method provides better contrast between bound and free ligands and requires a protein−ligand ratio ca. 25 times lower than for established T 1ρ methods, thus saving on costly proteins. The new LLS method was applied to the screening of inhibitors of urokinase-type plasminogen activator (uPA), which is a prototypical target of cancer research. With only 10 μM protein, a dissociation constant (K D ) of 180 ± 20 nM was determined for the strong ligand (inhibitor) UK-18, which can be compared with K D = 157 ± 39 nM determined by the established surface plasmon resonance method.
A fundamental goal of pharmaceutical research and drug development is the quest for natural or synthetic molecules that interact strongly and specifically with a target biomolecule, promoting or inhibiting its activity. Screening can be carried out by, among others, enzyme-linked immunosorbent assay (ELISA), 1 fluorescence anisotropy, 2 isothermal titration calorimetry, 3 surface plasmon resonance, 4 and various NMR techniques. 5−7 The latter have proven to be particularly effective for the identification of new lead compounds that bind weakly and have fairly large dissociation constants K D ,
where [P] , [L] , and [PL] are the concentrations of the free protein, free ligand (e.g., an inhibitor), and protein−ligand complex, respectively, while k on ≫ k off are the association and dissociation rates for the complex. 8 Established NMR methods 5−7 are useful over the range 100 μM < K D < 10 mM, where traditional methods 1−4 often lack sensitivity. NMR spectroscopy can focus on either the proteins or the ligands by exploiting one of many possible probes, 9 −13 such as chemical shifts, diffusion constants, relaxation rates, and magnetization transfer or saturation transfer rates. Some NMR methods can provide information with atomic resolution about the region (epitope) of the protein that is involved in binding.
Levitt and co-workers 14−16 discovered so-called long-lived states (LLSs), also known as singlet states (SSs), in two-spin systems. LLSs have the property that the magnetization decays with a time constant T LLS that can be much longer than typical longitudinal spin−lattice relaxation time constants T 1 . Here we exploited an LLS associated with a pair of protons attached to a weak ligand (without isotopic labeling) and determined its K D by monitoring the change in the relaxation rate R LLS = 1/T LLS when the weak ligand was added to a dilute (ca. 10 μM) protein solution (titration of the ligand). Competition experiments allowed K D of stronger ligands to be determined by monitoring R LLS of the weak ligand. Simulations showed that the proposed method benefits from enhanced contrast (i.e., a greater difference between R LLS of the free and bound ligands) relative to analogous methods that exploit longitudinal relaxation rates R 1 = 1/T 1 or transverse relaxation rates R 1ρ of spin-locked magnetization. Because of the enhanced contrast, this technique allows one to study strong interactions (in this work, 100 nM < K D < 1 mM) using protein concentrations as small as 10 μM. Our method is illustrated by screening of inhibitors of a target for cancer therapy, the urokinase-type plasminogen activator (uPA), 17−19 a 52 kDa serine protease involved in tumor progression and metastasis formation.
If a ligand is in dynamic equilibrium between free and bound forms with an exchange rate constant k ex ≈ k off that is larger than the relevant chemical shift differences, all of the relaxation rates are averaged: 20,21
where i = 1 for longitudinal relaxation, i = 2 for transverse relaxation, i = 1ρ for (preferably selective) T 1ρ relaxation of spin-locked transverse magnetization, i = LLS for long-lived states, and i = LLC for long-lived coherences; R i bound and R i free are the relaxation rates of the bound and free ligands, respectively, and X bound and X free are the corresponding mole fractions. Hence, 
The smallest mole fraction X bound that can be detected by a method i is proportional to its contrast C i .
Both experimental results and numerical simulations show that the contrast is more favorable for R LLS than for conventional longitudinal relaxation rates R 1 (i = 1) or for selective spin locking (i = 1ρ). In particular, we simulated the dipole−dipole contributions (the main relaxation pathways in solution-state NMR spectroscopy if chemical shift anisotropy can be neglected) to the R 1 and R LLS relaxation rates of the free and bound tripeptide glycine-glycine-arginine (GGR) (See Materials and Methods and Figure 1 ). For the conventional longitudinal relaxation rates R 1 , the dipole−dipole interactions between the protons of the ligand and those lining the binding site of uPA contribute roughly to 85% of the observed contrast [see Figure S4 in the Supporting Information (SI)].
The chemical shifts of the two H α protons of the central glycine residue in GGR in the free and bound forms were estimated by modeling (see Materials and Methods) to differ by ca. 0.5 ppm (200 Hz at 400 MHz in our experiments). Conventional longitudinal relaxation is not influenced by such a shift, but it has a dramatic effect on the lifetimes of the LLS. 22, 23 Indeed, during the LLS relaxation period, a radiofrequency (rf) field must be used to mask the chemical shift difference between the two H α protons involved in the LLS. This field is most efficient when the carrier frequency coincides precisely with the center between the shifts of the two H α protons, as we chose for the free ligand. When the ligand is bound, there is a frequency mismatch due to the change in chemical shifts upon binding, and the LLS decays rapidly, so that its lifetime is reduced. Indeed, Figure 1 shows that ca. 75% of the decay rate of the LLS signal is due to the coherent effect of the frequency mismatch that occurs upon binding. This effect can be enhanced by using weaker rf fields or higher static fields. These coherent offset effects introduced by the rf field provide the rationale for the enhanced contrast of the LLS-based method.
Motional effects may further enhance the contrast. In particular, the rotational correlation time τ C is much longer for the protein−ligand complex than for the free ligand. However, because the ligand may wiggle in the binding pocket, τ C of the bound ligand may not be as long as the overall τ C of the complex. Preliminary results (see Figure S5 ) showed that this contribution to the contrast should be significant, though less so than the coherent offset effect.
In general, relaxation rates offer a more direct and faster route to study ligand−protein interactions than diffusion-based methods. 24 The measurement of proton T 2 's is impeded by echo modulations due to homonuclear J couplings. 25 Therefore, T 2 -based methods are most straightforward for isolated heteronuclear spins 26 such as 19 F or require fitting of line shapes, 27 suppression of echo modulations, 28 or measurement of transverse relaxation times in the rotating frame (T 1ρ ). Our LLS method does not suffer from any losses of versatility and sensitivity that the use of heteronuclei entails, nor does it suffer from the deleterious effects of inhomogeneous magnetic fields on line shapes.
Glycine residues in peptides contain two diastereotopic H α protons, so it is straightforward to excite LLS in virtually any glycine-containing peptide. 29 It was shown by phage display 30 using a peptide library and consensus sequence analysis that peptides that bind to uPA must contain at least one arginine residue. 31 We therefore considered the GGR tripeptide, which turns out to be a weak ligand for uPA. In the free ligand L = GGR, the lifetime T LLS of the two H α protons in the central glycine was determined to be T LLS free = 8.0 ± 0.2 s at 8°C and 400 MHz. The ligand was then titrated over a range 0.5 mM < [L] 0 < 10 mM in the presence of [P] 0 = 10 μM uPA at 8°C. The curve in Figure 2 was fitted to eq 3, yielding K D weak = 220 ± 10 μM and T LLS bound = 30 ± 10 ms (as expected, T LLS bound ≪ T LLS free ). In contrast, as shown in Figure 2 , binding had virtually no effect on the longitudinal (spin−lattice) relaxation times T 1 of the same H α protons. The contrast is clearly much better for T LLS than for T 1 . Parallel observations on trypsin show that the standard T 1ρ method requires at least 25 times more protein to achieve the same contrast. When binding is strong, the lifetime of the ligand−protein complex may be too long on the NMR time scale, so the conditions for eq 2 are not fulfilled and the rates are not properly averaged. In such cases, the LLS method can nevertheless be used by performing competition experiments in which a weak ligand such as GGR is titrated in the presence of a constant concentration of a stronger ligand that displaces the weaker ligand (Figure 3 ). Fitting to eq 5 with the known value of K D weak allows one to determine K D strong . In this fashion, we determined K D strong = 89 ± 20 μM for 4-aminobenzamidine, which has a better affinity than GGR but is not strong enough to inhibit uPA. Next we investigated the bicylic peptide ligand UK-18, which has a high affinity and specificity for uPA, 32 and we found this ligand to have K D strong = 180 ± 20 nM. The parameters extracted from the fits are compatible with previously published results obtained by Heinis and co-workers (K D strong = 157 ± 39 nM) 32 and Stubbs and co-workers (K D strong = 180 μM). 33 Thus, the LLS method allowed us to determine K D strong in a window that spans more than 3 orders of magnitude (180 nM < K D strong < 500 μM). Long-lived states can thus be used to determine dissociation constants K D of protein−ligand interactions with dramatically increased contrast. In comparison with T 1ρ -based methods, the optimal protein/ligand ratio [P] 0 /[L] 0 can be reduced by a factor of ca. 25. On the one hand, the protein concentration needed to achieve the same relative change between averaged and free relaxation rates can be greatly reduced. On the other hand, if the protein concentration is kept constant, the amount of ligand can be increased, reducing the experimental time. Finally, for the same protein/ligand ratio, the LLS method offers better sensitivity. LLSs can readily be sustained in virtually any two-spin system. For instance, the use of peptides containing glycines offers a broad range of inexpensive weak ligands that lend themselves to competitive binding studies. LLSs can be used for screening a library of compounds for drug discovery: a spectrum of a weak "test" ligand can be acquired with a fixed interval where the LLS is sustained. When the weak test ligand is displaced by a stronger ligand, the signal of the test ligand is dramatically amplified. The combination of the LLS method with competitive binding methods gives access to a broad range of dissociation constants spanning nearly 5 orders of magnitude. Materials and Methods.
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1. Samples. uPA was prepared as explained elsewhere. 32 The synthetic GGR tripeptide (>75% purity from GenScript) was titrated over a range 0.5 mM < [L] 0 < 25 mM into (a) a solution containing 10 μM uPA in HEPES-buffered saline (5 mM HEPES buffer, pH 7.0, 10 mM NaCl) (solution 1); (b) a solution containing 10 μM uPA in the presence of [L strong ] 0 = 12 μM 4-aminobenzamidine (98% purity, Sigma-Aldrich) (solution 2); or (c) a solution containing 10 μM uPA in the presence of [L strong ] 0 = 12 μM UK-18, produced as explained elsewhere 32 (solution 3). An accurate amount (5 mM) of tertbutyl alcohol (99.5%, Sigma-Aldrich) was added as internal concentration standard. The concentrations of the stock solutions of both uPA and UK-18 were measured with a NanoDrop instrument (ThermoScientific).
2. Experimental procedures. During the titrations, 2 μL aliquots of a 70 mM GGR solution were added to 300 μL of solutions 1, 2, and 3. Lifetimes T LLS were obtained by monoexponential fitting of signal intensities observed with the LLS pulse sequence 34 (see the SI) using 10 different sustaining delays 0.5 s < τ LLS < 5T LLS . All NMR measurements were performed on a 400 MHz (9.4 T) spectrometer in D 2 O at 8°C to avoid denaturation of the protein.
3. Fitting of titration curves. The experimental data obtained in the absence of any competitor were fitted to eq 3. In the presence of a competing ligand, the results were fitted to [L strong ] 0 = 12 μM 4-aminobenzamidine, which has a medium affinity; and (•) in the presence of [L strong ] 0 = 12 μm UK-18, which has a very high affinity. All data were obtained under the same conditions as in Figure 1 . Experimental data obtained in the absence of competitors were fitted to eq 3. The K D weak and T LLS bound values extracted from this fit were used as fixed parameters when the titration curves measured in the presence of the additional stronger ligands were fitted to eq 5 describing the effects of competitors. 
where [L strong ] 0 is the total concentration of the competing strong ligand and K D strong is its dissociation constant (see sections 1−3 in the SI).
4. Structures of the ligand and the protein−ligand complex and chemical shif t predictions. The structures of free GGR and the GGR−uPA complex in water were optimized using Gromacs 4.5.3 35 with the GROMOS 53a6 force field. 36 The chemical shifts for the free and bound ligands were then calculated using these structures as input for Camshift 1.35. 
